Five fresh soil Streptomyces spp. strains were isolated, phylogenetically characterized on the basis of 16S rDNA sequences and analyzed for the presence of restriction modification systems. Three type II site-specific endonucleases were detected and partially purified. Two isolated enzymes were isoschizomers of SacI restriction endonuclease recognizing 5'-GAGCTC-3' sequence; the third one recognised 5'-CCGCGG-3' sequence and it was an isoschizomer of SacII. SacII like modification was observed in other two isolates having no detectable restriction activity. The lack of correlation between restriction and modification phenotypes and phylogenetic classification of the isolates indicates efficient gene transfer mechanism in the Streptomyces genus.
Introduction
Bacteria of genus Streptomyces spp. are ecologically and medically important filamentous soil bacteria. In soil samples streptomycetes represent 1-20% of the organisms present and could significantly contribute to the natural horizontal gene transfer events. Horizontal transfer of genes between bacteria, including streptomycetes, has been widely documented for traits under environmental selection, e.g., antibiotic resistance and catabolic functions ). However, many streptomycetes were shown to possess high number of restriction-modification (R-M) systems. R-M systems are generally believed to protect bacterial cells against invading foreign DNA molecules, particularly bacteriophages. The most abundant are type II R-M systems, which comprise two separate sequence-specific enzymes: a restriction endonuclease and a modification methyltransferase. The type II restriction enzymes require only Mg 2+ as a cofactor and cleave DNA at a specific recognition sequence. The cognate DNA methyltransferase methylates the same sequence and renders it refractive to cleavage by the corresponding restriction enzyme (Perona 2002) . In addition to being a valuable tool for molecular biology, type II restriction endonucleases have been used as a model system for studying aspects of specific DNA-protein interactions and mechanisms of phosphodiester hydrolysis (Pingoud & Jeltsch 1997) . They belong to the most intensively investigated group of enzymes. The proper-ties of type II restriction endonucleases have prompted many laboratories to screen thousands of taxonomically diverse bacteria for the presence of these enzymes.
Many strains of streptomycetes are very strong producers of restriction endonucleases (e.g. SalI, SacI, SacII prototype endonuclease and many other isoschizomers). Up to now, more than 150 restriction endonucleases with some 20 specificities have been isolated from the genus Streptomyces, see for example the REBASE database (Roberts et al. 2005) .
During the experiments with natural gene transfer from genetically modified plants to soil bacteria several streptomycete strains were isolated and used as potential recipients. The aim of the present study was to investigate the frequency of restriction endonuclease production among fresh soil streptomycete isolates and to characterize the restriction endonuclease detected. Characterization of the restriction endonucleases produced by soil streptomycetes can contribute to the understanding how occurrence of R-M system influence the uptake of foreign DNA.
Material and methods

Strain isolation
Fresh soil sample (1 g) was added to 10 mL of PBS solution and incubated at 4 • C overnight with continuous stirring. The mixture was sedimented and clear supernatant was serially diluted down to 10 −3 using PBS solution. Aliquots of each dilution (100 µL) were spread over the surfaces of the 382 T. Tothova et al.
isolation SS agar plates (Schrempf 1982) . The inoculated plates, 5 per dilution, were incubated at 28 • C for 6 days before counting the streptomycete colonies.
Streptomycete colonies growing on the isolation plates were examined directly under a light microscope and were tentatively ascribed to the genus level based on morphological criteria (Labeda 1987; Lechevalier 1989) . Streptomyces strains were identified as those isolates forming welldeveloped, large colonies with abundant aerial hyphae. Microscopical observation subsequently confirmed the formation of branching, stable substrate hyphae, and aerial hyphae with long spore chains showing characteristic morphology (Williams et al. 1989) .
A total of 5 different Streptomyces isolates SM1-SM5 were selected based on differences in aerial spore mass colour, substrate mycelial pigmentation and the colours of any diffusible pigments.
Identification of streptomycete isolates
All Streptomyces isolates were checked for purity and their taxonomic properties were examined on the basis of 16S rDNA sequence. For DNA isolation the spores were inoculated into 10 mL of Nutrient Broth 2 (Imuna, Sarisske Michalany, Slovakia) and cultivated at 28 • C overnight. Two mL of the culture were then inoculated into 30 mL of YEME medium (Kieser et al. 2000) containing 34% of sucrose and 0.8% of glycine. After 8 hours of cultivation lysozyme was added to a final concentration of 2 mg/mL and the culture was cultivated for the next 40 hours. Resulting mixture was extracted twice with phenol-chloroform mixture (50:50) and then twice with pure chloroform. Purified DNA was precipitated by ethanol, washed and finally dissolved in 1mL of sterile TE buffer (Sambrook et al. 1989 ). Quality and quantity of DNA was checked by spectrophotometry.
PCR analysis, DNA cloning and sequencing of 16S rRNA genes of isolates were carried out using established procedures (Weisburg et al. 1991) . The resultant 16S rRNA gene sequences were aligned against already aligned sequences of the type strains of Streptomyces species, retrieved from the RDP database, using the CLUSTAL algorithm incorporated in BioEdit program (Hall 1999) . For comparisons, only almost full-length sequences were taken (133 sequences in total).
A rooted phylogenetic tree was inferred using the neighbour-joining tree-making algorithm and an evolutionary distance matrix after Kimura two-parameter method. The topology of the tree was evaluated in bootstrap analyses of the neighbour-joining data based on 1000 resamplings. All analyses were carried out using MEGA 3 software (Kumar et al. 2004 ). The obtained nucleotide sequences of the nearly complete 16S rRNA genes of the five streptomycete isolates SM1-SM5 were deposited with the GenBank database under the accession Nos. DQ887327-DQ887331, respectively.
Data on the occurrence of SacI and SacII isoschizomers by Streptomyces spp., were taken from REBASE database (available at the URL: http://rebase.neb.com ; accessed on 15 DEC 2006).
Detection of restriction and modification activities
Cell extracts from 20 mL of overnight culture in Nutrient Broth 2 were prepared by sonication of lysozyme-treated cells as previously described (Godany et al. 1996) . Each extract (2 µL) was tested with λ-DNA (0.5 µg) in M buffer (Boehringer, Mannheim, Germany) for 30 min at 37 • C for the presence of DNA restriction activity. Chromosomal DNA from tested strain was examined for the presence of site-specific modification using restriction endonucleases purified. The resulting DNA fragments were separated by gel electrophoresis in 1% agarose in TBE buffer (Sambrook et al. 1989) .
Purification and characterization of restriction endonuclease Three mL of overnight culture in Nutrient Broth 2 were inoculated into 150 mL of GPY medium (Godany et al. 1996) and grown at 28 • C for 20 hours. Cells were sedimented by centrifugation and biomass was resuspended in 79 mL of buffer A (10 mM KH2PO4, pH 7.0, 1 mM EDTA, 0.1 M NaCl, 7 mM mercaptoethanol). Cells were treated with lysozyme to a final concentration of 10 mg/mL for 30 minutes at 0 • C and then lysed in an ice bath using a Soniprep 150 homogenizer (10 bursts for 30 s at 0 • C). The lysate was centrifuged for 30 min at 25,000 rpm. Streptomycin sulphate (1.2% final concentration) was then added to the supernatant and the nucleic acid precipitate was removed by centrifugation. The resulting supernatant was applied onto a DEAE-Tris-acryl column (Amersham, Pharmacia) equilibrated with buffer A. The column was washed with buffer A and bound proteins were eluted by a linear gradient of NaCl (0.1-2.0 M) in buffer A and eluted fractions were analyzed for the presence of restriction endonuclease activities as described above.
Fractions exhibiting endonuclease activity were pooled and after the addition of acetylated serum albumin to a final concentration 50 µg/mL were dialyzed overnight at 4 • C against the storage buffer (10 mM Tris-HCl, pH 7.5, 100 mM KCl, 0.1 mM EDTA, 0.1 mM dithiothreitol, 50% glycerol).
The recognition sequences of isolated restriction endonucleases were identified by digestion of different DNA substrates -bacteriophage λ-DNA, plasmid pKJ2 (Nazarov et al. 1990 ) and pIJ4642 (Kieser et al. 2000) . The obtained restriction patterns were compared with those obtained using commercially available restriction endonucleases SacI and SacII (New England Biolabs, Beverly, USA).
Results
In the present study the restriction and modification phenotypes of fresh soil streptomycete isolates were analyzed and site-specific restriction endonucleases detected were partially characterized.
Strain isolation
After incubation at 28 • C for 6 days typical Streptomyces-like colonies forming aerial mycelium with spores were found to grow out on the selective plates. Five morphologically different colonies were re-streaked for purity and used for further study. The isolates were designed SM1-SM5. Analysis of the 16S rDNA gene sequences (GenBank accession Nos. DQ887327-DQ887331, respectively) by BLASTN confirmed that the isolates could be grouped in the Streptomyces clade. The SM2 isolate showed the highest similarity to the S. sampsonii, the rest of the isolates exhibited the highest similarity to the S. exfoliatus (Table 1, Fig. 1 ).
Restriction endonuclease detection and characterization
Cell-free extracts of all isolates were screened for the DNA cleavage activity as described by Godany et al. (1996) using λ-DNA as a substrate. For two of the isolates (SM4 and SM5) cell-free extracts showed a consistent cleavage pattern, characteristic of type II restriction endonucleases. The corresponding enzymes were purified by a single chromatographic step using DEAE chromatography. In the strain SM4 single peak of type II restriction endonuclease activity, designated as Ssm4I, was revealed after DEAE chromatography (Table 1) . The enzyme cleaved the substrate phage λ-DNA at two sites resulting in the appearance of a double fragment of about 24 kb and a faint band of about 1.1 kb. Comparison of cleavage profile obtained with those of known restriction endonucleases suggested that Ssm4I is an isoschizomer of SacI restriction endonuclease. Combined cleavage using pIJ4648 plasmid DNA as a substrate and commercially available SacI restriction endonuclease confirmed this assumption (Fig. 2) .
In the strain SM5 two peaks of type II restriction endonuclease activity were revealed when applying shallow gradient in DEAE chromatography (Table 1) . The first enzyme, eluting at the same salt concentration as Ssm4I and designated as Ssm5I produced the cleavage pattern identical to Ssm4I. Combined cleavage confirmed that the enzyme is a SacI isoschizomer. The second enzyme, eluting at higher salt concentration, was designated as Ssm5II. The enzyme catalyzed cleavage of phage λ-DNA at four sites resulting in the appearance of double fragment of about 20 kb, another band of about 8 kb and faint band of about 1.1 kb. Based on the comparison of the obtained digestion pattern with computer generated ones of known restriction endonucleases, the enzyme Ssm5II appeared to be a SacII isoschizomer. Double digestions of pIJ4648 plasmid DNA with SacII and purified enzyme gave the same restriction profiles as single digestions with each enzyme, confirming that both enzymes recognize the same sequence (Fig. 2) .
Characterization of modification activities
For the presence of cognate DNA modification activities in tested isolates, the chromosomal DNAs were analyzed using digestion by isolated Ssm5I and Ssm5II restriction endonucleases (Table 1) . As expected, the SM5 chromosomal DNA was resistant to the cleav-age by both restriction endonucleases. In SM4 isolate the presence of SacI-like modification was confirmed, but chromosomal DNA was resistant to the cleavage by Ssm5II endonuclease despite the lack of Ssm5II or SacII-like restriction activity in this isolate. Similarly, chromosomal DNA of SM1 isolate was resistant to the Ssm5II cleavage, regardless of lack of any detectable restriction endonuclease activity in this isolate. SM2 and SM3 isolates did not display methylation protection against restriction enzymes tested indicating thus a complete lack of type II R-M systems detected in SM4 and SM5 isolates.
Discussion
Streptomycetes represent a group of microorganisms widely spread in nature where they play an important role in the circulation of organic matter and have an industrial importance as producers of secondary metabolites. Due to their industrial importance there is a profound interest in genetics of this genus. Many aspects of the streptomycete genetics and biology were intensively studied. In our experiments restriction and modification activities in five fresh streptomycete isolates were analyzed.
Primary screening of the isolates led to the detection of site-specific endonucleolytic activities in two of them -SM4 and SM5. In the SM4 isolate single restriction endonuclease was detected. Ssm4I endonuclease is SacI isoschizomer recognizing 5'-GAGCTC-3' sequence. In the SM5 isolate two restriction endonucleases were detected: (i) Ssm5I endonuclease, a SacI isoschizomer (Zhuravleva et al. 1987) ; and (ii) Ssm5II endonuclease, a SacII isoschizomer (Guthrie & Meda 1994) , recognizing 5'-CCGCGG-3' sequence. The remaining three isolates did not contain any detectable restriction activity. The percentage of restriction-endonucleaseproducing isolates is in agreement with the results of other investigators (Kessler et al. 1985; Polishchuk et al. 2000) . Some authors however, reported the AsuII isoschizomers as prevalent in soil streptomycetes (Polishchuk et al. 2000) .
The presence of modification activities among the isolates was analyzed on the basis of chromosomal DNA resistance to the cleavage by isolated restriction endonucleases. Most of modifications detected correlated with the presence of cognate restriction endonucleases but the chromosomal DNA of the SM1 isolate was resistant to the cleavage by Ssm5II endonuclease, indicating the presence of specific modification within the Ssm5II recognition site.
A large number of restriction endonucleases have been identified within the genus Streptomyces with at least 20 different specificities. Most frequently SacII, NaeI, and PstI isoschizomers were detected. While SacII isoschizomers were detected at least 15 times, SacI isochizomers production was observed only 3 times (according to REBASE database). In two of SacIproducing strains, S. achromogenes ATCC 12767 and S. stanfordi (Goff & Rambach 1978) , SacI-like enzyme is accompanied by SacII isoschizomer. Co-production of these two restriction endonucleases was never observed outside the Streptomyces genus. There are no data on phylogenetic classification of S. stanford species but S. achromogenes is clearly unrelated to SM5 isolate, showing 94% similarity at 16S rRNA level only (data not shown). Unlike the SM5 isolate, where two endonucleases were detected, S. achromogenes produces another endonuclease activity designated as SacIII.
Possibly, high frequency of some restriction and modification systems may indicate efficient transfer of these gene complexes in Streptomyces spp. Several authors have suggested that restriction and modification gene complexes are mobile elements involved in various genome rearrangements and evolution and that R-M systems are in fact selfish systems, whose role in cell defence is less important than previously thought (Kobayashi 2001) . Restriction and modification gene complexes are often found on a variety of mobile genetic elements (for example, plasmids, transposons) that may induce variability and horizontal transfer of these complexes among different groups of microorganisms. However, no such evidence exists for SacI or SacII restriction and modification systems. Phylogenetic relationships among type strains of the Streptomyces genus based on 16S ribosomal RNA subunit gene showed that production of SacI and/or SacII isoschizomers was observed in several clusters (data not shown). Comparison of phylogenetic grouping and restriction and modification phenotypes of our isolates indicate the possibility of restriction and modification gene complexes transfer (Fig. 1 ). According to these data, SM2 isolate belongs to the S. sampsonii cluster of highly related streptomycete species (Fig. 1, left) . Species within this cluster displayed more than 99% similarity of their 16S rRNA gene sequences resulting in very short evolutionary distances between the individual phylogenetic subgroups which could not be visually resolved. While both SacI and SacII isoschizomers production was detected in several species of this cluster, no similar restriction or modification activities were detected in our SM2 isolate. SM1, SM3, SM4, and SM5 isolates are grouped into the S. exfoliatus cluster where production of SacII but not SacI isoschizomers was reported in several species. We have detected SacII-like restriction or modification in all but SM3 isolate. Although the SM3, SM4, and SM5 isolates group together (displaying very short evolutionary distances) they exhibit different restriction and modification profiles.
It can be concluded that the occurrence of the same isoschizomers in different species/strains of Streptomyces clearly reflects the efficient gene transfer mechanism in this genus.
